INTRODUCTION
Evidence of instrumental seismic data can be found in Cuba as early as the beginning of the twentieth century. The first Cuban seismological station was installed in 1907 by the Jesuits of Beldn Observatory in Luyan6, Ciudad Havana and worked until the 1920's. The station was equipped with two Bosch-Omori-type seismometers recording on smoked paper (Cotilla, 1998) . Some moderate earthquakes were recorded during that period but unfortunately the seismograms from those instruments were lost. The second station, Soroa (SOR), the first of the current seismograph network ( Figure  1 ), began operation in 1964. It was located in west Cuba to monitor the seismic activity of the Pinar Fault (Figure 2 ), responsible for the 1880 San Crist6bal earthquake (Table 1) . One year later, in 1965, station Pdo Carpintero (RCC) began operation in eastern Cuba (Figure 1 ), the most seismically active part of the country. Activity in eastern Cuba is generated mostly by a major transform fault, the Oriente Fault Zone (OFZ) (Figure 2) . To monitor the OFZ activity and improve the coverage of the area, three more stations were installed in eastern Cuba in 1979~Pinares (PIN), Las Mercedes (LMG), and Maisf (MAS)~and three years later Cascorro (CCC) was added ( Figure 1) . Most of the stations were equipped with SKM-3 short-period three-component electromagnetic seismometers (of Russian manufacture) recording on photographic paper. The seismograph network consisted of eighteen stations in 1989, including a local telemetered network of eight stations in the area surrounding Santiago de Cuba. The locations of these stations can be found in Cotilla (1998) . The local telemetered network was equipped with one vertical-component short-period seismometer with visual recording.
The economic limitations of the country during the 1990's caused serious damage to the seismograph network. Only three or four stations were working regularly from 1994 ., 'Vo, e ' . Bahama" (1990, 1991) . The PF and CNF traces are taken from Draper and Barros (1994) .
to 1997 and many earthquakes were poorly located. The situation changed in 1998 when the old technology of photographic and visual recording was replaced by digital recording. Broadband seismometers were installed along the island, and a digital telemetered network composed of shortperiod three-component seismometers began operation in eastern Cuba (Figure 1 ). The new network opened opportunities for studies that were not feasible before 1998. This paper discusses the new Cuban seismograph network and presents some preliminary results during the first two years of operation (1998 and 1999) . The seismicity and kinematics of the area based on the new local data are discussed, and a quantitative analysis of the location accuracy is also presented.
TECTONICS
The island of Cuba can be considered as a block (Iturralde, 1977) , a tectonic unit separating the quiescent Bahama platform from the seismically active Cayman trough. Its formation is associated with the interaction of the westwardmoving South and North American Plates and the break-up of their margins (Enman et al., 1997) . According to Cotilla (1998) , the Cuban block is limited to the north by the Nortecubana fault system (NCFS) and to the south by the OFZ and Surcubana fault system (SCFS) (Figure 2 ). Along the southern Cuban margin lies the OFZ, a fault system marking part of the boundary between the North American and Caribbean Plates, where strike-slip deformation dominates (Rosencrantz and Mann, 1991) . It extends over 900 km from the Cayman Spreading Center (CSC) to the central Dominican Republic (Figure 2 ). The CSC is an oceanic crust spreading center that has been active since the Middle Eocene and is currently spreading at a rate of about 15 mm/year (Rosencrantz et al., 1988) . The spreading ridge is about 110 km long and consists of a V-shaped axial valley that separates two areas of normal faulting (Cotilla, 1998) . According to DeMets et al. (2000) the Caribbean Plate is moving eastward relative to the North American Plate (NAP) an average of 18-20 mm/yr _+ 3 mm/yr with 18 _+ 2 mm/yr of boundary-parallel slip and 3 + 3 mm/yr of boundary-normal convergence south of eastern Cuba. This eastward motion of the Caribbean Plate produces left-lateral slip along the Enriquillo (EFZ) and Walton Fault Zones (WFZ) and left-lateral strikeslip deformation along the OFZ (Figure 2 ). The OFZ, EFZ, and WFZ mark the north and south boundaries of the Gonave Microplate (GM). Mullins et al. (1992) pointed out that the northeastern corner of the Caribbean Plate (the area of the present-day GM) has become impeded in a strike-slip restraining bend adjacent to the southeast extension of the Bahama carbonate platform. The GM is essentially being "left behind" and being accreted to the NAP as its eastward progress is impeded by the Bahama platform (Dolan and Wald, 1994; Mann et al., 1995; Mullins et al., 1992) . Along the releasing and restraining bends of the OFZ are two local structures affecting the tectonic regime in this area: the Cabo Cruz Basin (CCB) and the Santiago Deformed Belt (SDB). More than 90% of the seismic activity along southern Cuba is generated in these structures. The CCB is a narrow east-west-trending depression (8-15 km wide by 80 km long), bordered on the north and south by two segments of the OFZ and divided by normal faults into a series of oblique horsts and grabens (Calais and Mercier de Ldpinay, 1991) . The discontinuous trace of the OFZ includes left-stepping offsets that generate local tensional strain and cause pull-apart subsidence (Cotilla, 1998; Perrot et al., 1997) . The SDB is a narrow submarine mountain range extending more than 300 km along the OFZ in the eastern half of the southern Cuban margin. Its en echelon folds and thrust faults show clear evidence of transpressional deformation (Calais and Mercier de Ldpinay, 1990) .
HISTORICAL SEISMICITY
Historical records of strong earthquakes in Cuba go back to the sixteenth century (Table 1 and Figure 2 ). Most events have been generated along the OFZ, particularly in the vicinity of Santiago de Cuba, the largest and most important city after Havana. There have been nineteen strong and moderate earthquakes (Ms_> 5.7) since 1578 reported in Santiago de Cuba (Alvarez et al., 1973) . Table 1 and Figure 2 show only the earthquakes with magnitude (Ms) bigger than 6 reported in Santiago de Cuba, and magnitude bigger than 5 for the rest of the country. The strongest earthquakes in the Cuban historical records (M s = 7.5 and Ms = 7.3) occurred in 1766 and 1852 in the vicinity of Santiago de Cuba. In both cases several churches collapsed, most of the buildings in the city were damaged, and several people died (about 120 people in the 1766 earthquake) (Alvarez et al., 1973) .
Fairly detailed information is available on the destructive consequences of the 1932 Santiago de Cuba earthquake (Ms= 6.7), the largest felt event in the city since 1852. The earthquake destroyed several houses and caused significant damage to hospitals, factories, and schools. The strongest earthquake in Cuba since 1932 took place in 1992 with Ms = 6.9 and its epicenter in the CCB ( Figure 2 ). This event, the largest ever instrumentally recorded in that region, offered a unique opportunity to understand the tectonic and kinematic regime better along the OFZ (Perrot et al., 1997) .
THE NEW SEISMOGRAPH NETWORK
The new Cuban Seismograph Network (CSN) consists of seven broadband stations along the island and four telemetered short-period stations concentrated in the eastern part of Cuba (Table 2 and Figure 1 ). The broadband stations are equipped with FBS-3A seismometers (of Chinese manufacture) which record over a 0.05 Hz to 40 Hz frequency band. The telemetered network consists of CM3 seismometers (of Russian manufacture) with a one-second natural period. All of the stations have three components and operate at a dynamic range of 96 dB. The waveforms are digitized at 100 samples per second with a 16-bit GPS time-stamp digitizer EDAS-3 (of Chinese manufacture). Broadband stations are connected by telephone line with the Central Recording Station (CRS) located in Santiago de Cuba and the data are downloaded daily. The data from the short-period stations are also digitized in the field and transmitted in the VHF frequency band continuously, using digital telemetry at 4800 bps, to the CRS. The seismic data recorded by the CSN are available through the SeisWeb software at http://www.ifjf.uib.no/seismo/seisweb/seisweb.htmt.
Typical noise spectra of the CSN stations indicate that they fall within acceptable noise limits as defined by the Peterson Curves (Peterson, 1993) . Two typical noise spectra of the CSN stations, one short-period (PlNC) and one broadband (RCC), are shown in Figure 3 . Both noise spectra fall between the high and the low noise curves, which are used as models for characterizing the noise level of the station. In general, the CSN stations are located in sites with good signal-to-noise ratios. The first station (RCC) began operation at the end of February 1998, followed by CCC one month later. The CSN began to work with three or more stations in May 1998. Table 3 shows the installation date of each station as well as the number of local and teleseismic events recorded through December 1999. The distribution of the number of earthquakes recorded by three or more stations, including the old and the new CSN, is shown in Figure 4 . The high number in 1992 is due to the 25 May Cabo Cruz earthquake (M s -6.9) and its aftershocks. The reduction of the number of earthquakes from 1994 to 1997 is accounted for by the decline in network operations during that time.
The detection threshold for the CSN is shown in Figure  5 . The isolines define the approximate area where at least three stations can record an earthquake of a given magnitude. The map was created as follows: (1) The maximum recording distance for each magnitude limit was determined from the catalog (Table 4) the maximum epicentral distances and centers at the station locations; and (3) the detection threshold was defined by the area of intersection of three circles. This simple method assumes that the seismic wave attenuation is the same in all directions and that the sensitivity of the stations is the same. Geophysical investigations (Bush and Shcherbakova, 1986; Ewing et al., 1960) have shown lateral variation of the seismic wave velocities in this area, which suggests that the attenuation may depend on epicentral azimuth, but there is no significant difference in the station sensitivities. Figure 5 therefore represents only an approximation of the detection threshold under ideal conditions.
SEISMICITY
Earthquake activity in Cuba is concentrated along the OFZ (Figure 6 ) but is not restricted to interplate seismicity, as small and moderate intraplate events are occurring throughout the country. The intraplate seismicity seems to be localized along the pre-existing zones of crustal weakness (Cotilla, 1998) . Given that most of those intraplate events are very small and are often not well recorded given the station geometry, their locations are in many cases constrained by only one or two seismic stations applying the three-component location method. Therefore there is not a good correlation of their locations with individual faults. Seismic activity along the OFZ recorded by the old Cuban seismograph network (upper map in Figure 6 ) involves large errors in hypocenter determination because the only stations to the south, the Jamaican seismic stations (description and locations can be found in Wiggins-Grandison, 2001 ), were never used. Therefore, the preliminary seismicity and kinematic analysis in this study will be based on the new data alone. The lower map in Figure 6 shows seismic activity from March 1998 to December 1999. The solid gray line a t -7 9 ~ of longitude separates two regions. In eastern Cuba, earthquakes located with three or more stations are shown. In many cases (106 events) more than three Jamaican seismic stations were used, which improved the location error along the OFZ. On the left side in western Cuba, earthquake locations are poorly resolved, with locations determined from analysis of three-component data from fewer stations. The Pwave velocity model (Moreno et al., 2001 ) used in the hypocenter determination is shown in Table 5 .
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Four clusters of seismic events are labeled as A, B, C, and D in the lower map of Figure 6 . Cluster A is correlated with CCB (Figure 7) , a pull-apart zone characterized by shallow seismicity (depths less than 20 km). This zone is well defined by earthquake activity and was responsible for the Ms6.9 Cabo Cruz earthquake on 25 May 1992. Cluster B corresponds to the SDB, a narrow submarine mountain range undergoing compressive deformation. Both shallow and relatively deep earthquakes (depth greater than 30 km) are observed in this area. Note that in Figure 7 , only earthquakes with travel-time residuals (RMS) less than 1 second and focal depth errors less than 20 km are shown. The error in depth is still large. However, several earthquakes were located with the Cuban and Jamaican seismic stations and some of them (15 events) have focal depths below 30 km with small errors (less than 7 km). Shallow seismicity in the SDB might be generated by the thrust and reverse faults mapped by Mercier de L4pinay (1990, 1991) . On the other hand, it is unlikely to have earthquakes with focal depths below 30 km in oceanic crust, where the thickness of the crust barely reaches 20 km (Case et al., 1990; Edgar et al., 1971; Ewing et al., 1960) . Another process, perhaps .crustal thickening or oblique subduction, could be taking place (see "Kinematics"). Cluster C includes aftershocks of the M~ 5.6 earthquake on 28 December 1998 (Figure 7) , the largest seismic event ever recorded in this area. About 116 events were registered during the month after the mainshock. The mainshock seems to have been generated by the NCFS, which is undergoing compressive deformation probably as a result of the contact zone between the Bahama platform and the Cuban block. The hypocentral errors in this area are large because it is outside of the CSN, but our solution, including both focal depth (15 km) and epicenter, is very close to the NEIC solution. The focal depths of the aftershocks plotted in Figure 7 are obviously overestimated (see "Location Accuracy"). The depth of the mainshock suggests that they must be shallow as well.
The last cluster (D) corresponds to an earthquake swarm during July 1999 (Figure 8 ). From more than 1,000 seismic events, only 22 were recorded by three or more stations and none had magnitude above M z 3.6. The swarm could have been triggered by stress transfer following the 28 December (M~ 5.6) earthquake. The fault correlated with this swarm is not clearly identifiable. The swarm could be associated with the trace of Cauto Nipe fault (CNF) mapped in Figure 7 , but also with northwest-southeast-oriented faults which have been identified from geomorphological data. The CNF is an important seismogenic structure in eastern Cuba, probably responsible for the Bayamo (1551, 1624) and Manzanillo (1926) earthquakes (Table 1 and Figure 2) . Cotilla (1998) suggested that the CNF is cut at its southern and northern borders by the OFZ and NCFS, but the seismicity only weakly supports this assumption.
The Gutenberg-Richter relationship for 1.5 years of seismic activity recorded by the CSN is shown in Figure 9 . The relationship is determined from earthquakes in eastern Cuba (the right side of the solid gray line in the lower map of Figure   6 ). The estimated b value of 0.95 is close to the Earth's global average (b-1). Given the limited amount of data the 1999 swarm can affect the b value. But it was essentially removed because only 22 earthquakes are included: those recorded by three or more stations. The statistics from 1.5 years of earthquake activity suggest that one earthquake of magnitude 6 is expected every 10 years and one earthquake of magnitude 7 is expected every 100 years, which is in agreement with the statistics derived from the historical records. The detection threshold derived from the magnitude-frequency relationship seems to be 2.5 for the whole area, which is consistent with the detection threshold of the CSN shown in Figure 5 . Figure 10 shows a number of earthquake focal mechanisms determined using P-wave first-motion polarities from the Cuban and Jamaican seismic stations (Table 6 ). The nodal planes have been resolved to within +15 ~ using the SeisAn software (Havskov and Ottem611er, 1999) , which follows the algorithm developed by Snoke et al. (1984) . The solutions are divided into three groups: (1) those associated with CCB, (2) those associated with SDB, and (3) events associated with NCFS. The rose diagram in the upper-left corner shows the maximum horizontal compressive stress ((5 h) for the first group (P 1, 5, 2, 4, 10, 9, 3, 18) . The event labeled as P 1 is the 1992 Cabo Cruz earthquake (Perrot et al., 1997) . The ~5 h values are determined from the T (tension) and P (compression) axes, according to the method of Zoback (1992) . Two clear dominant (5 h orientations are found for the CCB events. The axis with azimuth N10~176 correlates with the normal northeast-southwest faults mapped in the basin, such as faults associated with events 10, 9, and 3. This c5 h orientation is consistent with the expected west-east horizontal extension in this pull-apart zone. The second axis, oriented N40~176 corresponds to west-east segments of the OFZ, which generated events 4 and 18. This stress orientation is in agreement with a regional G h (Zoback, 1992) driving left-lateral strike slip along the OFZ. The (5 h orientations for the second group (1, 16, 15, 9, 0, 6, 7, 19, 17, 8, C1, C2, C3, C4) are shown by the rose diagram in the lower right corner of Figure 10 . The events labeled as C1, C2, C3, and C4 are taken from the Harvard CMT catalog. The stress orientation for this group shows P-trn, P-pig, T-trn, and T-pig are the trend and the plunge of the P (compression) and T (tension) axes, respectively, oh (maximum horizontal compressive stress) directions and Reg. (faulting regime) according to Zoback (1992) . Po/bp: number of polarities and bad polarities; h-err: focal depth error.
KINEMATICS
rather complex ~h patterns and variable fault-plane solutions. This is not unexpected considering the nonuniform orientation of the thrust faults in SDB. The area is dominated by reverse faulting with a few strike-slip faults that can be correlated with west-east segments of the OFZ. Some earthquakes show compressive deformation at relatively deep focal depths (below 30 km). Those earthquakes are located in oceanic crust, where the Moho is at about 18-21 km (Case et al., 1990) . It is evident that the shallow thrust faults of SDB cannot generate earthquakes at such depths. Their solutions support what has been suggested in previous studies, that the Caribbean Plate is underthrusting beneath the Cuban block (Enman et al., 1997) , probably causing crustal thickening in the SDB area.
In the area between CCB and SDB, which is dominated by strike-slip faulting, there is another important feature (Figure 10) . Earthquakes 4 and 18, which belong to the first group, have a minor normal component. However, once we move eastward earthquakes 1 and 6 begin to exhibit a minor reverse component. This pattern shows evidence of the transition from transtension to transpression along the OFZ. The third group has no rose diagram, but the stress orientations (N20~176 are consistent with the regional (5 h, which may cause thrust faulting in northwest-southeast-oriented structures. The focal mechanisms correspond to the mainshock (event number 11) and two aftershocks of the last moderate earthquake (M w 5.6) on 28 December 1998. The fault-plane solutions correlate with the NCFS, a northwest-southeast structure, which defines the external northern limit of the Cuban block. The solution is also consistent with the one reported in the Harvard CMT catalog.
LOCATION ACCURACY
Several factors affect the location accuracy of the earthquakes. First is error due to precision in the readings of the person who analyzes the data. This error was reduced significantly with the introduction of digital seismograms. The velocity model, including station corrections, is the most critical remaining source of uncertainty. Small changes in the velocity model can result in a 20 km change in hypocentral location. Another critical factor is the geometrical arrangement of the seismic stations. For events in Cuba, the Jamaican seismic stations have to be used, given that seismicity is concentrated outside the CSN. Figure 11 shows the epicentral errors (calculated with the Hypocenter program; Lienert and Havskov, 1995) for the same set of events shown in Figure 7 . The four boxes in Figure 11 enclose the most important seismogenic zones in Cuba. It is evident that the hypocentral error varies between these boxes. The smaller errors (about +5 km) are found in the Oriente fault segment (OFS) and SDB, where the azimuthal gap is less than 180 ~ when Jamaican stations are used. The bigger ellipses with major axes of about 20 km in the CCB and SDB are the events for which Jamaican seismic stations were not used.
Another factor could affect the location accuracy, particularly the focal depth. The inversion process for the hypocenter determination is a search for models fitting the observations using a gradient-based inversion algorithm to find optimal solutions. The absolute minimum will be found only if the starting model is close to the optimal solution. To see how the initial focal depth could affect the hypocentral solution, typical RMS-DEPTH curves for the four seismogenic zones were determined (Figure 12 ). In all cases with the starting focal depth at 0 km the global minimum was reached. Hypocenters are more poorly constrained in the Moa Zone. The minimum solution involves focal depths with large errors due to the big azimuthal gap.
CONCLUSIONS
The new Cuban seismograph network combined with the Jamaican seismograph network offers a unique opportunity to develop new insights into the tectonic and kinematic regime along the northern Caribbean Plate boundary. For the first time local seismic data can be used as reliable constraints for the seismotectonic interpretations in the area. Preliminary results after two years of operation suggest that:
1. The more active structures along the OFZ are the CCB and the SDB. The CCB is characterized by shallow seismicity with normal faulting (small strike-slip component), and the SDB experiences shallow and relatively deep seismicity dominated by thrust faulting. 
60
2. Compressive deformation at relatively deep depths in he SDB area supports a previous suggestion (Enman et al., 1997) that the Gonave Microplate is underthrusting the Cuban block. 3. The NCFS, which marks the northern limit of the Cuban block, is undergoing compressive deformation, probably as a result of the contact between the Bahama platform and the Cuban block. 4. The earthquake focal mechanisms along the CCB and the SDB show evidence that transtension and transpression are occurring at the same time and with short distances along a major transcurrent fault segment (OFZ). 5. The detection threshold of the CSN seems to be 2.5 for eastern Cuba. The hypocenters along OFZ are well constrained when both CSN and the Jamaican seismograph network are used. El
